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ABSTRACT 

The v a r i o u s  resonan t  modes o f  gas p r e s s u r e  o s c i l l a t i o n s  i n  a S i n u s o i d a l  

P ressu re  Generator,  f e a t u r i n g  a c losed, f l a t  c y l i n d r i c a l  chamber, were theo re -  

t i c a l l y  determined and 

t e s t  media. 

For  chamber 

modes were shown t o  be 

P ressu re  Generator had 

a n a l y t i c a l  l y  t h a t  t h e  

v e r i f i e d  exper imen ta l l y ,  u s i n g  Freon- I2 and n i t r o g e n  as  

ength-to-diameter r a t i o s  l e s s  than  1.71 t h e  t r a n s v e r s e  

dominant. S ince t h e  t e s t  chamber of t h e  S inuso ida l  

a length- to-d iameter  r a t i o  o f  o n l y  0.38, i t  was p r e d i c t e d  

owest o b t a i n a b l e  resonan t  f requenc ies  would be t h e  

f i r s t  and second t a n g e n t i a l  modes. S t rong  t r a n s v e r s e  n e a r l y - s i n u s o i d a l  waves 

co r respond ing  t o  these two modes were ob ta ined  i n  t h e  t e s t s ,  b u t  w i t h  

f requenc ies  somewhat l e s s  than  those p r e d i c t e d  by a c o u s t i c  t heo ry .  

I n  theory,  a p ressu re  t ransducer  which has a c i r c u l a r  diaphragm 

c o n c e n t r i c  w i t h  a c y l i n d r i c a l  chamber f o r  i t s  sens ing element w i l l  e x h i b i t  no 

n e t  response t o  t h e  t a n g e n t i a  I (llsIoshingll) modes. Such a t ransducer  mounted 

i n  t h e  end w a l l  o f  t h e  chamber d id ,  indeed, n o t  respond t o  these modes. The 

t h e o r y  was t h e n  extended t o  cove r  p lane  waves moving p a r a l l e l  t o  t h e  diaphragm 

face, and p r e d i c t e d  an amp1 i t u d e  decrement and increased phase s h i f t  a s  t h e  

f requency i ncreased. 

The Sinusoida 

f u n c t i o n  of  d e t e r m i n i n g  

t h e  t e s t  gas t h e  charac 

s i n u s o i d a l  and t h e  amp1 

Pressu re  Generator was eva lua ted  f o r  i t s  designed 

p ressu re  t ransducer  f requency response. W i th  he1 i urn as  

e r  o f  t h e  p ressu re  waves were shown t o  be e s s e n t i a l l y  

tudes o f  the o s c i  I l a t i o n s  were adequate f o r  t ransducer  

t e s t i n g  th roughou t  a t e s t  range from 1,800 t o  21,600 cps. However, a d e p a r t u r e  

f rom u n i f o r m  s i n u s o i d a l  response was apparen t  a s  t h e  f requency was increased, 

l i m i t i n g  t h e  a p p l i c a b l e  range o f  the S i n u s o i d a l  Pressure Generator a s  

c u r r e n t 1  y designed t o  about  10,000 cps  f o r  p ressu re  t ransducer  eva I u a t i o n .  
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NOMENCLATURE 

A =  

A =  

a =  
c =  

d =  

f =  
e =  

G I =  
b G =  
J =  

K =  

L =  

M =  

- 
Mo - 

mh = 

r n =  

n =  

- 
"if - 

P =  

Q =  
R =  

R =  

- 
Ro - 

& =  

T =  

t =  

area 

s c a l e  f a c t o r  f o r  amp1 i tude o f  s i n u s o i d  

c hamber r a d  i us 

v e l o c i t y  o f  wave p ropaga t ion  

chamber d i ameter 

c o n s t a n t  hav ing t h e  va lue 2.7128 ... 
frequency 

convers ion  f a c t o r ,  32.17 f t / s e c / s e c  

comp l e x  q u a n t i t y ,  V 

Bessel f u n c t i o n  

a c o n s t a n t  

chamber l e n g t h  

s u b s c r i p t  i n d i c a t i n g  a mean v a l u e  

rno I e c u l a r  wei g h t  

u n i t  o f  inductance 

r u n n i n g  index equal t o  0, ~ I, 2 ,  3, . . . 
r u n n i n g  index equal t o  0, I, 2, 3, . .  . 
r u n n i n g  index equal t o  0, I ,  2, 3, . .. 
pressu re  

s ha r p  ness o f  resona nc e 

r a d i u s  o f  a t ransducer  diaphragm 

gas c o n s t a n t  

un i versa I gas c o n s t a n t  

r a d i a l  space c o o r d i n a t e  i n  c y l i n d r i c a l  c o o r d i n a t e s  

a b s o l u t e  temperature 

t i m e  v a r i a b l e  
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NOMENCLATURE (Cont inued) 

w = v a r i a b l e  equal t o  x/R , where R = diaphragm r a d i u s  

X = i n t e r c e p t  o f  L i s s a j o u 6  p a t t e r n  on o s c i l l o s c o p e  

x = C a r t e s i a n  c o o r d i n a t e  

Y = maximum h e i g h t  of  L i s s a j o u 6  p a t t e r n  on o s c i l l o s c o p e  

y = Castes ian c o o r d i n a t e  

Pf = 

@ =  

c o o r d i n a t e  i n  c y l i n d r i c a l  c o o r d i n a t e s  

s o l u t i o n  of &Jm (TT<mn$&( = 0 

r a t i o  o f  t h e  s p e c i f i c  hea ts  

un i t o f  capac i tance 

angu la r  c o o r d i n a t e  i n  cy1 i n d r i c a l  c o o r d i n a t e s  

n =  
. 3 =  

phase ang le  

angu la r  v e l o c i t y  

u n i t  of r e s i s t a n c e  

resonant  f requency 
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I. INTRODUCTION 

One cornmonly-used method o f  d e t e r m i n i n g  t ransducer  performance 

has been t o  ana lyze  t h e  response t o  d s tep  p ressu re  inpu-t generated by a 

shock tube.  I t  i s  r e l d i - i v e l y  s imp le  t o  determine t h e  n a t u r a l  f requency 

(assuming low damping) by c o u n t i n g  t h e  number o f  c y c l e s  o f  o s c i l l a t i o n  

d u r i n g  a known t i m e  p e r i o d .  The damping r a t i o  can be determined from 

t h e  number o f  o s c i l l a t i o n s  o c c u r r i n g  p r i o r  t o  decay t o  50$ amp l i t ude .  

See (I)*,  F i g u r e  3. 

Tal lman ( 2 )  a l s o  developed a method f o r  o b t a i n i n g  t h e  complete 

frequency response from shock t u b e  data by us ing  G u i l l e m a n l s  impulse 

technique.  The method i s  d i f f i c u l t  t o  a p p l y  and t h e  r e s u l t a n t  f requency 

response has a jagged, i r r e g u l a r  appearance. 

I n  a d d i t i o n  t o  t h e  d i f f i c u l t y  o f  da ta  a n a l y s i s ,  t h e r e  a r e  some 

problems p e c u l i a r  t o  shock tube t e s t i n g .  The t ransducer  i s  s u b j e c t  t o  

Ilground shock" through t h e  t ransducer  mount and t h e  t ransducers  may be 

a f f e c t e d  n o n l i n e a r l y  by t h e  a c c e l e r a t i o n  o f  t h e  diaphragm due t o  t h e  

impinging shock f r o n t ,  These f a c t o r s  w i l l  tend to obscure t h e  response 

t o  a pu re  s tep p ressu re  i n p u t  and t o  compl i c a t e  t h e  a n a l y s i s .  

Flow t h r o t t l i n g  dev i ces  w i t h  s i n u s o i d a l  p ressu re  o s c i l l a t i o n s  

p e r m i t  d i r e c t  d e t e r m i n a t i o n  of t h e  f requency response w i t h o u t  i n v o l v e d  

da ta  a n a l y s i s  and s o p h i s t i c a t e d  i n s t r u m e n t a t i o n .  A l though a t t r a c t i v e  i n  

theory,  f l o w  t h r o t t l i n g  dev ices i n  t h e  p a s t  have demonstrated e i t h e r  

inadequate a m p l i t u d e  i n  t h e  des i red  frequency range or nons inuso ida l  

wave shapes. The ger ierator descr ibed i n  t h i s  r e p o r t ,  a l t h o u g h  f a l l i n g  

i n t o  t h i s  genera l  category,  was success fu l  i n  e l i m i n a t i n g  t h e s e  

* 
Numbers i n  parentheses i n d i c a t e  r e f e r e n c e s  a t  end of  r e p o r t .  
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d i f f i c u l t i e s ,  3 s  wi I1  be descr ibed l a t e r .  

I n  s h o r t  c losed  cy1 i nde rs  such a s  t h e  t e s t  chamber i n  t h e  p r e s e n t  

genera tor ,  t h e  - t ransverse modes d r e  dominant a t  resonance. 

d iscussed q u i t e  t h o r o u g h l y  t h e o r e t i c a l l y ,  l i t t l e  has been done e x p e r i -  

mentci I I y -1-0 produce -i-hese modes. Morse ( 5 )  d i scusses -i he s-lsnd i nl j  wdves 

i n  d c y l i n d r i c a l  room, and much o f  I-he d n d l y t i c a l  work i n  t h i s  r e p o r t  i s  

dn ex l -ens ion o f  h i s  work. T h i s  i s  an  a c o u s t i c  resonance i n  which t h e  

f requency i s  independent o f  t h e  p ressu re  amp l i t ude .  

A I -i-hou<J!h 

Maslen and Moore (4 )  developed a t h e o r y  for  s t r o n g  t r a n s v e r s e  

wilves i n  a c i r c u l a r  c y l i n d e r  and showed t h a t  t h e  f requenc ies  a t  resonance 

were i n f l uenced  b y  t h e  s t r e n g t h  o f  t h e  wave, b u t  t h a t  for  waves o f  

moderate s t r e n g t h  t h e  f requenc ies  were c l o s e  t o  those  o f  t h e  a c o u s t i c  

modes. They a l s o  concluded t h a t  t h e  f requency o f  a s t r o n g  t r a n s v e r s e  

wave i s  l e s s  than t h a t  o f  t h e  a s s o c i a t e d  a c o u s t i c  mode, and t h a t  s t r o n g  

t r a n s v e r s e  waves do n o t  s teepen i n t o  shocks. 



-3- 

11. PURPOSE AND METHOD OF APPROACH 

The purposes o f  t h e  t e s t s  were t w o f o l d :  

I .  To i n v e s t i g a t e  t h e  t r a n s v e r s e  modes o f  
chamber resonance. 

2. To e v a l u a t e  t h e  use fu lness  o f  t h e  p ressu re  
genera to r  as a t ransducer  t e s t i n g  dev i ce .  

ed f i r s t  

t h i s  phase 

The resonan t  modes of  t h e  chamber were i n v e s t i g a  

t h e o r e t i c a l l y  and then e x p e r i m e n t a l l y .  The t e s t  gases f o r  

were F reon- I2  and n i t r o g e n ,  which were used i n  o r d e r  t o  b r  

ducer hav 

ana I y t  i c a  

ng some o f  t h e  

t h e o r e t i c a l  resonance f requencies w i t h i n  t h e  o p e r a t i n g  range o f  t h e  

g e n e r a t o r ,  The response t o  t r a n s v e r s e  resonan t  modes o f  a t e s t  t r a n s -  

ng a l a r g e  diaphragm as  a sensing element was i n v e s t i g a t e d  

l y  and e x p e r i m e n t a l l y .  

The c hamber response was then deterrni ned a t  d i s c r e t e  f r e q u e m  i es 

th roughou t  t h e  o p e r a t i n g  range o f  t h e  generator ,  us ing  t h r e e  smal l  q u a r t z  

t ransducers  p laced  a t  v a r i o u s  l o c a t i o n s  on one end w a l l  o f  t h e  c y l i n d r i c a l  

t e s t  chamber, For  t ransducer  t e s t i n g  i t  i s  d e s i r a b l e  t h a t  t h e  response 

be u n i f o r m  and s i n u s o i d a l  throughout  t h e  chamber. Hel ium was t h e  t e s t  gas 

used for  t h i s  phase. 
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111. ANALYTICAL STUDY 

The f o l l o w i n g  s e c t i o n  c o n s i d e r s  t h e o r e t i c a l l y  t h e  v a r i o u s  modes 

o f  s t a n d i n g  waves i n  a c y l i n d r i c a l  chamber. I n  a d d i t i o n  t o  d e s c r i b i n g  t h e  

r e s u l t i n g  p ressu re  p a t t e r n s ,  a p p l i c a t i o n  i s  made t o  p r e d i c t  t h e  i n t e g r a t e d  

response o f  a t ransducer  t o  t h e  v a r i o u s  modes. 

A .  Theore t i ca  I Chamber Resonance 

The wave e q u a t i o n  for t h e  p r e s s u r e  a t  any p o i n t  can be w r i t t e n  

i n  cy1 i n d r i c a l  coo rd ina tes :  

The s o l u t i o n  t o  t h i s  e q u a t i o n  i s ,  a f t e r  Morse ( 3 ) ,  p .  398 

* 
where m = 0, I, 2, 3, ... 

c = Le loc i ty  o f  wave p r o p a g a t i o n  

dz,d4= angu la r  v e l o c i t i e s  i n  ,F and A 
d i r e c t i  ons r e s p e c t  i ve I y 

rm = Bessel f u n c t i o n s  

3 = frequency o f  t h e  p r e s s u r e  f l u c t u a t i o n s  

The t h r e e  space c o o r d i n a t e s  Z , /L , and a r e  d e f i n e d  by t h e  

f o l l o w i n g  diagram. 

* 
A I  I symbols used i n  t h e  t e x t  a r e  a l s o  d e f i n e d  under "NOMENCLATURE." 
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zero or equal t o  "L", t h i s  r e q u i r e s  t h a t  - 
d e r i v a t i v e  w i t h  r e s p e c t  t o  Z i s  

A t  t h e  wal I s  o f  

t o  t h e  w a l l  must be ze ro .  

w i t h  r e s p e c t  t o  t h e  coo rd  

be zero.  

Cons i der  i ng +he 

be zero.  The p a r t i a  1 
Z=O 

t h e  c y l i n d e r  t h e  p a r t i c l e  v e l o c i t y  p e r p e n d i c u l a r  

T h i s  means t h a t  t h e  d e r i v a t i v e  of t h e  p ressu re  

on must n a t e  p e r p e n d i c u l a r  t o  t h e  w a l l  i n  ques t  

end wal I ,  where t h e  c o o r d i n a t e  IcP i s  e t her 

which r e s u l t s  from d i f f e r e n t i a t i n g  Equat ion ( 2 ) .  Equa t ion  (3) i s  i d e n t i -  

c a l l y  zero when 2 i s  zero s ince  t h e  s i n e  of ze ro  i s  zero.  For t h e  

d e r i v a t i v e  t o  be ze ro  a t  Z = L t h e  q u a n t i t y  *' 
where nz can assume any p o s i t i v e  i n t e g r a l  va lue .  

must be equal t o  n E T  
C 

Cons ide r ing  t h e  r - d i r e c t i o n  f o r  t h e  r a d i a l  p a r t i c l e  v e l o c i t y  t o  

be zero, &6) must equal zero.  D i f f e r e n t i a t i n g  Equat ion ( 2 )  w i t h  r e s p e c t  
an 

For Equa t ion  (4 )  t o  be ze ro  a t  h = a, t h e  q u a n t i t y  dJm/&n 

must be zero a t  /t =a , which w i l l  be t r u e  i f  W c  i s  equal t o  T c  rnn 

where TTo(mn i s  a s o l u t i o n  t o  t h e  equa t ion  ~ J , ( T b O / d ~  = 0 . 
The boundary c o n d i t i o n s  determine t h e  c h a r a c t e r i s t i c s  va lues  t o  

be  i n s e r t e d  i n  t h e  s o l u t i o n  t o  t h e  wave equa t ion  

~3 = c r n z c / ~ >  where nz!= ~ , 1 , 2 , 3 , * - -  

d R  = ( r a t n n C . & )  
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A f t e r  i n s e r t i n g  these values, Equat ion (2) becomes 
i 

Equat ion (5) i s  t h e  genera l  equa t ion  f o r  s tand ing  waves i n  a 

c l o s e d  c y l i n d r i c a l  chamber. A l though t h i s  i s  t h e  genera l  e q u a t i o n  t h e  

p ressu re  a t  any p o i n t  can be though t  o f  as  t h e  sum o f  t h e  p ressu res  due 

t o  severa I waves, The waves can be labe I ed "ax i a  I I t  o r  I l t angen t ia  I 

depending upon t h e i r  mo t ion  w i t h  r e s p e c t  t o  t h e  chamber c o o r d i n a t e s .  

The Z-ax ia l  o r  l o n g i t u d i n a l  waves have a l l  t h e  mo t ion  p a r a l i e  

t o  t h e  chamber a x i s .  The gas p r o p e r t i e s  i n  any p l a n e  p e r p e n d i c u l a r  t o  he 

a x i s  a r e  c o n s t a n t  ac ross  t h e  chamber. Under these c o n d i t i o n s  t h e  quant  t y  

[cos ("(411 TmC71-", must be zero f o r  a l  I va lues  o f  '4 and JL which 

w i l l  be t r u e  o n l y  i f  9nt1 and Igmnlt a r e  z e r o .  W i t h  these  s u b s t i t u t i o n s  

Equa t i on ( 5 becomes 

T h i s  t ype  o f  resonance i s  t h e  so-cal  l ed  I1organ-pipel1 mode s i n c e  

i t  i s  t h e  dominant one f o r  t h e  l a r g e  l eng th - to -d iamete r  r a t i o s  used i n  

organ p i p e s .  

However, f o r  l e n g t h - t o - r a d i u s  r a t i o s  l e s s  than  1.71 t h e  mode w i t h  

t h e  lowest  f requency (+= bq\z+ @P)T'.> i s  a t r a n s v e r s e  l ls Ioshing' l  

mode. The mot ion i n  t h i s  l fsIoshingl l  o r  t a n g e n t i a l  mode i s  p a r a l l e l  t o  

t h e  curved s i d e  

and gas p r o p e r t  

r e s u l t i n g  equat  

w a l l s  o f  t h e  c y l i n d e r .  There i s  no mo 

es a r e  c o n s t a n t  a l o n g  any I i n e  para1 l e  

on f o r  t a n g e n t i a l  modes i s  

i o n  a t  t h e  a x i s  

t o  t h e  a x i s .  The 
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The waves i n  which a l l  mo t ion  i s  p a r a l l e l  t o  t h e  r a d i i  o f  t h e  

chamber a r e  d e s i g n a t e d h - a x i a l  or  r a d i a l  waves. There i s  no v a r i a t i o n  w i t h  

and .Z , and t h e r e f o r e  l lm l l  and !Int' a r e  ze ro .  The exp ress ion  f o r  t h e  

Any s tand ing  wave p a t t e r n  can be broken down i n t o  one or a 

comb ina t ion  o f  t h e  p reced ing  t ypes  o f  waves. F i g u r e  I on t h e  f o l l o w i n g  

page shows some o f  t h e  p ressu re  p a t t e r n s  a s s o c i a t e d  w i t h  these  v a r i o u s  

modes. 

B. I n t e g r a t e d  Response o f  Transducers 

Many o f  t h e  t r a n s d u c e r s  t o  be eva uated w i l  I have f a i r l y  l a r g e  

diaphragms as  t h e  sensing elements.  

c h a r a c t e r i s t i c s  o f  these diaphragms a r e  made i n  o r d e r  t o  p e r m i t  p r e d i c t i o n  

o f  t ransducer  response t o  t h e  p r e s s u r e  p a t t e r n s  o f  t h e  resonance modes o f  

t h e  c y l i n d r i c a l  chamber. Some o f  t h e  assumpt ions a r e  

Some s mple assumptions a s  t o  t h e  

( I )  The diaphragm forms one end w a l l  o f  a c l o s e d  
cy1 i n d e r  which can  be d r i v e n  t o  resonance 

( 2 )  The o u t p u t  o f  t h e  t r a n s d u c e r  i s p r o p o r t i o n a l  
t o  t h e  i ns tan taneous  average p r e s s u r e  over  
t h e  d i aphragm 

( 3 )  The response o f  t h e  diaphragm does n o t  a f f e c t  
t h e  s tand i ng wave p a t t e r n s .  

The known p r e s s u r e  p a t t e r n s  which w i l l  be cons ide red  f i r s t  a r e  

those  r e s u l t i n g  from t h e  s t a n d i n g  waves p r e s e n t  i n  a c l o s e d  c y l i n d e r  a t  

resonance. Since i t  has been assumed t h a t  t h e  modes can be superposed, 

each t y p e  o f  wave can be analyzed s e p a r a t e l y  and t h e  r e s u l t s  added t o  

o b t a i n  t h e  n e t  e f f e c t  upon t h e  diaphragm. 

The s o l u t i o n  f o r  s t a n d i n g  waves i n  a c l o s e d  c y l i n d e r  has 
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---NEGATIVE PRESSURE - POSIT IVE PRESSURE 

U = 1 .2197  Uo2= 2 . 2 3 3 1  Qlo = 0.5861 01 
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azo = 0 . 9 7 2 2  ufO= 1.3373 uq0= 1.6926 
SECOND TANGENTIAL THIRD TANGENTIAL FOURTH TANGENTIAL 

as0 = 2 . 0 4 2 1  = 1.6970 U2, = 2 . 1 3 4 6  

FIFTH TANGENTIAL FIRST COMBINED SECOND COMBINED 

T R A N S V E R S E  MODES OF P R E S S U R E  O S C I L L A T I O N  
IN A C Y L I N D R I C A L  C H A M B E R  

F I G U R E  I 
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Consider  f i r s t  t h e  response t o  l o n g i t u d i n a l  modes. I t  i s  e v i d e n t  

I t h a t  t h e  average p ressu re  ove r  the  diaphragm i s  i n  phase w i t h  and equal i n  

amp1 i t u d e  t o  t h e  p ressu re  a t  t h e  c e n t e r  o f  t h e  diaphragm. 

t h e  t ransducer  i s  t hen  i n  phase w i t h  t h e  p ressu re  a t  t h e  c e n t e r  o f  t h e  

The o u t p u t  o f  

diaphragm,atxi the amplitude i s  p r o p o r t i o n a l  t o  t h e  amp1 i t u d e  a t  t h e  c e n t e r .  

For t h e  purposes o f  t h i s  development t h e  c o n s t a n t  o f  p r o p o r t i o n a l i t y  may be 

assumed t o  be u n i t y .  The exp ress ion  f o r  t h e  p ressu re  a t  zf =L i s  
I '.** 

The average p ressu re  over t h e  area of  t h e  diaphragm from 

6 A can be expressed a s  

( 1 1 )  

R I  i s  used t o  a l l o w  t h e  a c t u a l  or e f f e c t i v e  area t o  be l e s s  

t h a n  t h e  c r o s s - s e c t i o n a l  area of t h e  chamber. Equa t ion  ( I  I )  neg 

non-vary inq component o f  t h e  p ressu re .  E v a l u a t i n g  t h e  double i n  

t h e  average p r e s s u r e  i s  

e c t s  any 

egra I 

(12) 

This; i s  t o  be  compared t o  t h e  p ressu re  a t  t h e  c e n t e r  of  t h e  d i a -  

phragm. A t  t h e  c e n t e r ,  i s  zero.  The p ressu re  a t  t h e  c e n t e r  i s  t hen  

= cos b v e )  e (13) 42 
T h i s  i s  i d e n t i c a l  i n  form w i t h  t h e  exp ress ion  f o r  t h e  average 

p ressu re .  The d iamete r  o f  t h e  diaphragm t h u s  has no e f f e c t  upon t h e  o u t p u t  
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rwo,fi 
The Bessel f u n c t i o n  Jo( 

0- 
) and h a r e  n o t  f u n c t i o n s  o f  q9 

t h e  average p r e s s u r e  i s  
r / L ,  

and a f t e r  i n t e g r a t i o n  w i t h  r e s p e c t  t o  4 

The i n t e g r a l  (xh&)& is a standard form whose v a l u e  i s  

The average p r e s s u r e  i s  t hen  

K i s  a c o n s t a n t  dependent upon fl1 , G and No,-, - For = Q 

t h e  average p ressu re  i s  zero, and t h e r e  should n o t  be any o u t p u t  from t h e  

t ransducer .  

The p ressu re  a t  t h e  c e n t e r  o f  t h e  end w a l l  of  t h e  chamber i s  

The average p r e s s u r e  and t h e  p r e s s u r e  a t  t h e  c e n t e r  a r e  i n  

phase b u t  t h e  amp1 i tude  r a t i o  i s  dependent upon t h e  c o n s t a n t  K . I n  a l  I 

cases, however, t h e  average p ressu re  I S  l e s s  than  or equai To t h e  pressu re  

a t  t h e  c e n t e r .  

The p reced ing  d i s c u s s i o n  cons ide red  t h e  response o f  a t r a n s -  

ducer  t o  t h e  p r e s s u r e  p a t t e r n s  p r e s e n t  i n  a c y l i n d e r  a t  resonance. The 

t h e o r y  w i  I I now be extended t o  a somewhat more genera l  case, t h a t  o f  a 

s i n u s o i d a l  p r e s s u r e  wave moving p a r a l l e l  t o  t h e  diaphragm o f  t h e  t ransducer .  

Assume t h a t  t h e  t ransducer  i s  mounted f l u s h  i n  t h e  wal I s  o f  a 

r o c k e t  motor  and i s  exposed t o  t a n g e n t i a l  resonance modes. I t  i s  necessary 
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t o  determine t h e  e r r o r s  i n  phase and amp l i t ude  caused by t h e  area o f  t h e  

c i r c  u I a r  d i ap hragm . 
The f o l l o w i n g  assumptions a r e  made: 

I .  The sensing element o f  t h e  t ransducer  i s  a f l a t  

2. The p ressu re  can be rep resen ted  as  a s teady 
c i r c u l a r  diaphragm o f  r a d i u s  R . 
p ressu re  p l u s  a s i n u s o i d a l  component which moves 
p a r a l l e l  t o  a d iameter  o f  t h e  diaphragm. 

Is. The steady p ressu re  can be i gno red .  
4. The n e t  d e f l e c t i o n  o f  t h e  diaphragm i s  p r o p o r t i o n a l  

t o  t h e  instantaneous average p ressu re  over  t h e  
diaphragm. 

From assumption I .  t h e  p r e s s u r e  can be rep resen ted  as  

p.=pw +- A c o s 2 T f ( t t t o )  ( 2 3 )  

The diaphragm can be rep resen ted  a s  a c i r c u l a r  a rea  i n  t h e  x-y  

c o o r d i n a t e  p l a n e  bounded by t h e  c u r v e  x2 + y2 = R2 . 
I n  terms o f  t h e  c o o r d i n a t e  x t h e  p r e s s u r e  a t  any p o i n t  can be 

rep resen ted  as  

)< 
where t h e  v a r i a b l e  t has been r e p l a c e d  by an  e q u i v a l e n t  v a r i a b l e  z.-. , 

i s  e s s e n t i a l l y  a phase a n g l e  which r e l a t e s  t h e  xo The exp ress ion#=  2rF - 
c 

p o s i t i o n  o f  t h e  p ressu re  wave w i t h  r e s p e c t  t o  t h e  diaphragm. The mathe- 

m a t i c a l  model i s  presented below. 

Y 

X 
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From t h i s  t h e  instantaneous average p ressu re  over  t h e  diaphragm 

The response o f  t h e  diaphragm w i l l  be compared t o  t h e  p ressu re  

a t  t h e  c e n t e r  a s  a re fe rence .  A t  t h e  c e n t e r  x = 0 and 
i 3 

Rearranging Equa t ion  (25) t h e  average p ressu re  can  be rep resen ted  

or 

F=pH+ 

Change t h e  r u n n i n g  v a r i a b l e  and make t h e  f o l l o w i n g  s u b s t i t u t i o n s  

Then 

n umer i ca 

ze ro  t o  

t h e  r e s u  

The i n t e g r a l  ~{D~OS [ & V J + ~ ) J W  has been i n t e g r a t e d  

l y  for va lues  o f  K from zero t o  f i v e  and va lues  o f  9) from 
I 

wo r a d i a n s .  A f t e r  n o r m a l i z i n g  by d i v i d i n g  by _ ( v F G - - ' [ w = ~  
0 

t s  a r e  p l o t t e d  f o r  compar i son w i t h  f = cos 9) f o r  9) f rom 

z e r o  t o  two r a d i a n s  i n  F i g u r e  2. There i s  a phase s h i f t  and a m p l i t u d e  
2. 

decrement dependent upon R and K where E =  '2' ~ For  a diaphragm c 
o f  r a d i u s  R = 0.3511, a wave p ropaga t ion  v e l o c i t y  c = 3500 f t / s e c  and 

a f requency o f  1600 cps  t h e  phase s h i f t  w o d d  be approx ima te l y  25 degrees 
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and t h e  amp l i t ude  r a t i o  would be 0.88. 

T h i s  e f f e c t  should t h e r e f o r e  be cons ide red  when us ing  t ransducers  

where t h e  p ressu re  p a t t e r n  i s  moving p a r a l l e l  to t h e  sensing element 

d iaphragrn. 
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I V ,  EXPERIMENTAL STUDY 

A. Apparatus 

The t e s t  chamber o f  t h e  pressure  genera tor  was a smal l  c y l i n d e r  

0.70 inches i n  d iameter  and 0.255 inches i n  length .  D u r i n g  t ransducer  

e v a l u a t i o n  t h e  t e s t  t ransducer  and i t s  mount ing formed one end w a l l  o f  

t h e  chamber. 

p ressure  t ransducers,  and t h i s  d i c t a t e d  t h e  minimum p o s s i b l e  chamber 

d iameter  and a l s o  t h e  chamber c o n f i g u r a t i o n ;  i.e., a c y l i n d e r  r a t h e r  

than a sphere or a cube. 

f requency was mounted i n  t h e  o p p o s i t e  end w a l l .  

The chamber was designed around t h e  Oynisco PT49 s e r i e s  o f  

A r e f e r e n c e  p ickup w i t h  a very  h i g h  resonant  

The gas whose f l ow  was t o  be modulated en tered  th rough an 

o r i f i c e  l / l O f l  i n  d iameter  i n  t h e  curved s i d e  wal I o f  t h e  chamber and 

d ischarged through a c i r c u l a r  p o r t  1/8" i n  d iameter  across  t h e  chamber 

from t h e  i n l e t ,  p o r t .  

An aluminum wheel hav ing seventy-two 1/8" d iameter  c i r c u l a r  ho les  

near i t s  r i m  r o t a t e d  p a s t  t h e  d ischarge p o r t ,  thereby  modu la t ing  t h e  f l ow .  

The wheel cou ld  be a d j u s t e d  a g a i n s t  t h e  chamber b lock  by a micrometer  

ad justment .  

A d e t a i l e d  drawing of  t h e  S inuso lda l  Pressure  Generator  i s  

presented I n  F igu re  3. 

The d r i v e  used f o r  these t e s t s  was a U.S. V a r i d r i v e  w i t h  an  ou t -  

p u t  speed range of 1500-6000 rprn. The d r i v e  f rom t h e  V a r i d r i v e  t o  t h e  

modu la t ing  wheeil was through t i m i n g  b e l t s  and gears.  Two gear r a t i o s ,  

I : I and 3: 1 were used t o  p r o v i d e  a speed range o f  I500-l8,000 rpm f o r  t h e  

wheel. Photographs of t h e  genera tor  system a r e  presented i n  F i g u r e s  4 and 5. 

When us i ng t h e  genera tor  f o r  r o u t i  ne t ransducer  eva I u a t i  on t h e  

chamber response should be a s  n e a r l y  s i n u s o i d a l  i n  waveform a s  p o s s i b l e .  

I n  o rde r  t o  s a t i s f y  t h i s  requi rement ,  t h e  lowest  r e s o n a n t  chamber f requency 
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should be as h i g h  a5 p o s s i b l e .  The i d e a l  gas f o r  t h i s  reason would have beer7 

hydrogen, b u t  i t  was reJec ted  because o f  t h e  hazards assoc ia ted  w i t h  i t s  

use i n  a c o n f i n e d  area.  Helium, b e i n g  i n e r t ,  was chosen f o r  

e v a l u a t i o n ,  

I n  o r d e r  t o  s tudy  t h e  response o f  t h e  chamber, some 

theoretics I chamber reson 

range o f  1800-21,600 cps.  

p r o p o r t i o n a  I t o  t h e  speed 

n i t rogen  and Freon- 12, wh 

nces must be w i t h i n  t h e  p o s s i b l e  r 

r a  n sd uc e r  

o f  t h e  

v i  ng f requency 

Since t h e  resonan t f requenc ies  a r e  d i r e c t l y  

of wave propagat ion,  i t  was decided to use 

ch  have r a t h e r  low p ropaga t ion  v e l o c i t i e s  ( o f  t h e  

o r d e r  o f  1100 f t / s e c  and 500 f t / s e c  r e s p e c t i v e l y  a t  room tempera tu re ) .  

The he l i um was s t o r e d  i n  a compressed g a s - b o t t l e .  From t h e  

b o t t l e  t h e  he l i um passed through two stages of  p ressu re  r e g u l a t i o n .  

Supply p ressu re  i n t o  t h e  generator  was a r b i t r a r i l y  s e t  a t  90 p s i g .  

to t h e  genera to r  was c o n t r o l l e d  by a remote ly-operated s o l e n o i d  v a l v e .  

Flow 

The n i t r o g e n  system was s i m i l a r  t o  t h e  he l i um system except  

t h a t  t h e  n i t r o g e n  was drawn d i r e c t l y  from a h igh-pressure n i t r o g e n  

cascade. 

The Freon-12 was supp 

'- Ilea --I: I I I I Y  - -  L U U I G J  - - C  1 -c una" =nrl  ?.inn+ V V ~ V ~ ~  t h r n g g h  

e f f e c t i v e l y  no p ressu re  r e g u l a t  

i e d  from a b o t t l e  heated by  r e s i s t a n c e  

or?!\! one pressu re  r e g u l a t o r .  There was 

on, s i n c e  t h e  maximum Freon-12 p ressu re  

a ted  p ressu re  o f  a t t a i n e d ,  dpp rox ima te l y  80 ps ig ,  was 

90 p s i g .  

The gas systems a r e  presen 

The t h r e e  t ransducers  used 

genera to r  were p i e z o - e l e c t r i c  q u a r t z  

below t h e  r e g u  

ed i n  F i g u r e  5 

f o r  e v a l u a t i o n  o f  t h e  p ressu re  

t ransducers  which had a resooant  

f requency o f  app rox ima te l y  127,000 cps (shock tube  d e t e r m i n a t i o n ) .  The 

a c t i v e  sensing s u r f a c e  o f  ti-iese p i ckups  was l e s s  than a t e n t h  o f  arr i n c h  i n  
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diameter .  A l though  o n l y  t h e  va ry  

was measured, t hese  p i c k u p s  exhib 

ng component o f  t h e  chamber p ressu re  

t e d  good D.C. s t a b i l i t y  when used c a r e f u l l y .  

T h e i r  o u t p u t  was o f  t h e  o r d e r  o f  one v o l t ,  which was a m p l i f i e d  th rough  an 

amp1 i f i e r - c a t  i b r a t o r  hav ing a maximum g a i n  of s i x .  Because t h e  resonan t  

f requency o f  t h e  q u a r t z  t ransducers  was h igh,  i t  was assumed t h a t  t h e i r  

o u t p u t  f a i t h f u l  l y  reproduced t h e  a c t u a l  chamber response. A t ransducer  

.i. w i t 1 1  a resonant  f requency of 127,000 cps and f a i r l y  h i g h  damping would 
a. 

have, a t  20,000 cps, a phase lag  o f  app rox ima te l y  t e n  degrees and an 

amp l i t ude  r a t i o  v e r y  n e a r l y  equal t o  one. 

d i r e c t l y  was thus  s u f f i c i e n t l y  accu ra te  w i t h i n  t h e  f requency range o f  t h e  

genera t o r  

Using t h e  t ransducer  o u t p u t s  
v 
" 

The o n l y  l l test l l  t ransducer  used was one o f  t h e  Dynisco PT49 

s e r i e s ,  which u t i l i z e d  bonded s t r a i n  gages and employ double diaphragms f o r  

water c o o l i n g .  These t randucers  have an approx imate resonan t  f requency 

o f  25,000 cps and low damping. A r e g u l a t e d  power supply  was used f o r  

e x c i t a t i o n  o f  t h e  t e s  t ransducer  and t h e  s i g n a l  was amp1 i f  i e d  t h m  ugh a 

D.C, a m p l i f i e r  operated d i f f e r e n t i a l l y .  

From t h e  a m p l i f i e r s  the  s i g n a l s  were fed  th rough  f i l t e r s  and t h e n  

The f l l t e r s  were i n t o  t h e  a m p l i f y i n q  u n i t s  o f  a f o u r  channel o s c i l l o s c o p e .  

designed p r i m a r i l y  t o  e l i m i n a t e  h i g h  frequency n o i s e  and any p o s s i b l e  

resonan t  response o f  t h e  q u a r t z  t ransducers .  The c i r c u i t  d iagram o f  t hese  

f i  Sters and t h e i r  amp1 i t u d e  and phase c h a r a c t e r i s t i c s  a r e  d iscussed ir! 

Appendix B .  

The o s c i  l loscope has a four-beam cathode r a y  tube.  The f o u r  

beams have common t r i g g e r i n g  and sweep c i r c u i t s ;  however, t h e r e  a r e  two 

c o n t r o l s ,  each c o n t r o l l i n g  two beams, f o r  h o r i z o n t a l  t r a c e  p o s i t i o n i n g .  

F o r  t h i s  reason marker p u l s e s  were p laced on a l l  t r a c e s  s imu l taneous ly  
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f o r  more a c c u r a t e  d e t e r m i n a t i o n  o f  phase r e l a t i o n s h i p s .  

D r i v i n g  frequency was c a l c u l a t e d  from wheel speed. A smal l  

two p o l e  magnet was mounted on t h e  wheel s h a f t  and a small c o i l  was 

mounted near the  magnet. The frequency generated as t h e  s h a f t  t u rned  was 

d i sp layed on an e I e c t r o n  i c  coun te r .  

A l l  waveforms were photographed us ing  a P o l a r o i d  camera mounted 

on t h e  osc i I loscope. 

The ins t rumen ta t i on  schematic appears i n  F(gure 7. The two 

t ypes  o f  t ransducers used a r e  shown i n  F i g u r e  8 a l o n g  w i t h  t h e  q u a r t z  t r a n s -  

ducer adapter ,  t h e  chamber i n l e t  o r i f i c e ,  and t h e  Dynisco t ransducer  

adapter  r i n g .  The four-channel  osc i l loscope,  P o l a r o i d  camera, f i l t e r s ,  

and marker a m p l i f i e r  a r e  shown i n  F i g u r e  9. 

B. Tests  

W i t h  t h e  t ransducers  i n s t a l l e d  and t h e  t e s t  gas f low ing ,  t h e  

s inuso ida l  pressure genera tor  was operated over  a range o f  speeds and t h e  

chamber response photographed from t h e  osc i I loscope d i sp lay .  

For t he  chamber e v a l u a t i o n  a s p e c i a l  p l u g  was designed t o  ho ld  

as  many as  four  o f  t h e  q u a r t z  t ransducers .  The p l u g  was i n s e r t e d  I n  t h e  

same l o c a t i o n  t h a t  a t e s t  t ransducer  would occupy d u r i n g  e v a l u a t i o n .  

Th is  arrangment p rov ided i n f o r m a t i o n  on t h e  chamber response a t  f i v e  

d i f f e r e n t  l o c a t l o n s  on t h e  chamber end w a l l .  A drawing o f  t h i s  p l u g  

i s  presented i n  F l g u r e  IO, and an exploded v iew of t h e  e n t i r e  p i c k u p - p l u g  

assembly I s  presented i n  F i g u r e  1 1 .  Th i s  s p e c i a l  p l u g  was used f o r  a l l  o f  

t h e  t e s t s  except those f o r  d e t e r m i n a t i o n  o f  t h e  i n t e g r a t e d  response o f  a 

t e s t  t ransducer  t o  known pressure  p a t t e r n s .  
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FOUR B E A M  OSCILLOSCOPE WITH CAMERA AND FILTERS 

FIGURE 9 
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The f o l l o w i n g  diagram shows one t y p i c a l  c o n f i g u r a t i o n  fo r  t h e  l o c a t i o n  

o f  t h e  t ransducers  i n  r e l a t i o n  t o  t h e  chamber:. i 

L i p  

A c t i v e  Sensing Area 

C. Problems and D iscuss ion  o f  E r r o r s  

E I e t  t roma b n e t i c I n t e r  f e r  e nce 

The 111os.l- se r ious  problem was 50 c y c l e  i n t e r f e r e n c e ,  p a r t i c u l a r l y  

w i t h  t h e  straLn-gage t ransducer ,  because of t h e  v e r y ‘ h i g h  g a i n  necessary 

t o  o b t a i n  adequate s igna l  amp l i t ude .  The i n t e r f e r e n c e  was reduced t o  a 

resonab le  l e v e l  by  a c a r e f u l  e l i m i n a t i o n  o f  a l l  ground loops  and by  

o p e r a t i n g  t h e  D.C. a m p l i f i e r  d i  f f e r e n t i a l l y .  

T h i s  problem was n o t  s e r i o u s  f o r  t h e  q u a r t z  t ransducers  because 

o f  - t h e i r  r e l a t i v e l y  l a r g e  o u t p u f s .  
. k  ,” 

FreqUenc y E r r o r s  

, One obv ious  source o f  e r r o r  was t h e  accu racy  o f  t h e  e l e c t r o n i c  

c o u n t e r .  

was p o s s i b l e  i-o lose o r  g a i n  a lmos t  two coun ts  ( two c y c l e s ) .  The d r i v i n g  

The quoted accuracy was one c o u n t  b u t  t h e  g a t i n g  was such t h a t  i t  
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f requency was seventy-two t imes  t h e  c o u n t  because t h e r e  were seven-i-y-two 

holes i n  t h e  modu la t i ng  wheel. A t  a d r i v i n g  f requency o f  2000 cps t h e  

e r r o r  c o u l d  have been as much as 7.2 pe rcen t  Qnd a t  20,000 cps  t h e  p o s s i b l e  

e r r o r  was .72 p e r c e n t .  

Another problem which became s e r i o u s  a f t e r  c o m p l e t i o n  o f  these 

p a r t i c u l a r  t e s t s  was inconstancy o f  t h e  o u t p u t  speed o f  t h e  V a r i d r i v e .  

became p r o g r e s s i v e l y  worse and was es t ima ted  t o  be severa l  p e r c e n t  a t  t h e  

t i m e  t h e  V d r i d r i v e  was rep laced  by a d i r e c t - c u r r e n t  motor .  

T h i s  

Depar tu re  f rom a S inuso ida l  Waveform 

The response a t  o f f - resonance  c o n d i t i o n s  should be s i n u s o i d a l  f o r  

t ransducer  e v a l u a t i o n ,  b u t  an examinat ion o f  t h e  a c t u a l  waveforms showed 

a d e p a r t u r e  f rom t h i s  i d e a l .  The waveforms w i t h  he l i um were v e r y  n e a r l y  

s inuso ida l  a t  t h e  lower f requencies,  b u t  steepened a s  t h e  f requency was 

increased.  As t h e  frequency was increased f u r t h e r ,  so t h a t  t h e  wavelength 

was o f  t h e  o r d e r  o f  t h e  chamber dimensions, t h e  waveforms became q u i t e  

d i s t o r t e d  and t h e  response was non-uni form ac ross  t h e  chamber. There were 

seve ra l  reasons f o r  t h i s  behavior :  

I .  The aluminum modu la t i ng  wheel used f o r  these t e s t s  warped, 

p roduc ing  a r u n o u t  o f  .001511. T h i s  wheel wobble and The i r r e g u i a r  ydS 

leakage in t roduced  f requenc ies  o t h e r  than  t h e  d r i v i n g  f requency. 

2. The c i r c u l a r  d i scha rge  h o l e s  d i d  n o t  t h e o r e t i c a l l y  produce 

t h e  c o r r e c t  area v a r i a t i o n  for  s i n u s o i d a l  waveforms. 

3. The t u r b u l e n c e  l e v e l  o f  t h e  f l o w  th rough  t h e  chamber c o u l d  

have been an a p p r e c i a b l e  f r a c t i o n  o f  t h e  t o t a l  o u t p u t  a t  t h e  h i g h e r  

f requenc ies .  

4. Flow i n t e r t i a  e f f e c t s  cou ld  have been r e s p o n s i b l e  f o r  t h e  

s teepen ing  o f  t h e  waves b u t  t h i s  was n o t  i n v e s t i g a t e d .  
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V .  ANALYTICAL-EXPERIMENTAL CORRELATION 

A .  Response a t  Off-Resonance C o n d i t i o n s  

The generator  had adequate o f f - resonance  response o n l y  w i t h  

hel ium, which i s  t h e  usual t e s t  gas f o r  t ransducer  e v a l u a t i o n .  The 

mean chamber p ressu re  was e s s e n t i a l  l y  c o n s t a n t  w i t h  f requency, a s  can 

be seen from F i g u r e  12. 

from t h e  t e s t  t ransducer  o u t p u t  d i s p l a y  on a D.C. m i  I I i v o l t m e t e r .  

The mean p ressu re  was 5 5 . 5  p s i g ,  as  determined 

The peak-to-peak a m p l i t u d e  o f  t h e  f l u c t u a t i n g  component o f  t h e  

p ressu re  a t  v a r i o u s  l o c a t i o n s  i n  t h e  chamber i s  presented i n  F i g u r e  13. 

The amp I i t ude  a t t e n u a t e d  r a p i d  I y w i t h  f requency,  

o b t a i n e d  w i t h  an e l e c t r o n i c  v o l t m e t e r ,  which responded t o  t h e  average 

v o l  t age  o u t p u t  o f  t h e  q u a r t z  t ransducers .  

The amp I i tude  was 

The r e s u l t i n g  p ressu re  p a t t e r n s  4s a f u n c t i o n  of t h e  f requency 

a r e  presented i n  F igures 14 and 15. The m i d d l e  t r a c e  was n o t  o u t  o f  phase, 

as  i t  would appear from t h e  photographs, as can be seen by o b s e r v i n g  t h e  

l o c a t i o n  o f  t h e  marker i n t e r v a l s  on each t r a c e .  A t  t h e  lower f requenc ies  

t h e  response was v e r y  n e a r l y  s i n u s o i d a l  and i n  phase. As t h e  frequency 

o f  o p e r a t i o n  was increased t h e  a m p l i t u d e  decreased and t h e  waves tended t o  

t r a c e s  were o b t a i n e d  a t  c o n s t a n t  g a i n  s e t t i n g s  so t h a t  

tudes a r e  c o r r e c t .  As t h e  amp1 i tude  decreased, t h e  

v i b r a t i o n ,  e t c .  became a l a r g e r  f r a c t i o n  o f  t h e  t o t a l  

ghest  f requenc ies  t h e  response became more i r r e g u l a r  as  

d i scussed  e a r l i e r ,  and phase r e l a t i o n s h i p s  became d i f f i c u l t  t o  de te rm ine .  

I t  i s  d e s i r a b l e  f o r  t ransducer  e v a l u a t i o n  t h a t  t h e  chamber 

response be un i fo rm and s i n u s o i d a l .  T h i s  c r i t e r i o n  l i m i t e d  t h e  e x i s t i n g  

t e s t  c o n f i g u r a t i o n  t o  abou t  10,000 cps .  

steepen. AI I t he  

t h e  r e  

no ise,  

o u t p u t  

a t i v e  amp1 

t u r b u  I ence 

A t  t h e  h 
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B. Chamber Resonance 

S e c t i o n  I I I - A  exp lo red  t h e o r e t i c a l l y  t h e  s tand ing  wave p a t t e r n s  

i n  a c y l i n d r i c a l  chamber a t  resonance. I n  t h i s  s e c t i o n  t h e  e x i s t e n c e  o f  

t h e  resonance modes i s  e x p e r i m e n t a l l y  demonstrated. 

The r a d i u s ,  a , of t h e  chamber was 0.35" and t h e  length,  L, was 

approx ima te l y  0.235". The l a t t e r  d imension v a r i e d  somewhat because t h e  

p l u g  which formed t h e  end w a l l  had an  llOft r i n g  seal ,  and t h e  dimension 

c o u l d  v a r y  depending upon t h e  amount o f  compression o f  t h i s  sea l .  

The equa t ions  f o r  t h e  resonant  f requenc ies  o f  t h e  v a r i o u s  modes 

c o n t a i n  t h e  v e l o c i t y  o f  wave propagat ion,  c . I t  was assumed t h a t  t h e  

p r o p a g a t i o n  v e l o c i t y  o f  t h e  s tand ing  waves was equal t o  t h e  p ropaga t ion  

v e l o c i t y  o f  an i n f i n i t e s i m a l  pu l se .  The p ropaga t ion  v e l o c i t y  was then  

determined from t h e  f o l  lowing equat ion:  - 

Gas 

He1 i um 

- 

where R = gas c o n s t a n t  = Ro/Mo 

Ro = 

Mo = mo lecu la r  w e i g h t  

g = convers ion  f a c t o r  = 32.17 f t / s e c  

u n i v e r s a l  gas c o n s t a n t  = 1545.4 f t  I b f j l bm-mo le  OR 

2 

g = rs- t io  s f  the  spec!fic hea ts  

T = a b s o l u t e  temperature o f  t h e  gas i n  degrees Rankine 

The gas p r o p e r t i e s  a r e  l i s t e d  i n  t h e  f o l l o w i n g  t a b l e .  

N i t r o g e n  

Mo I ec u I a r  We i g h t  R a t i o  o f  t h e  S p e c i f i c  
MO Hea t s 

4.003 ( a t .  w t .  1 I .67 

28.016 I .405 

Freon- I2 120.92 I .I38 
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The temperature o f  t h e  gases i n  t h e  modulator  chamber was 

determined e x p e r i m e n t a l l y  b y  i n s e r t i n g  a b a r e - j u n c t i o n ,  thermocouple i n t o  

t h e  chamber through t h e  s i d e w a l l  t r ansducer  mount ing h o l e .  The gas 

temperatures were 67OF f o r  Freon- 12 and 72OF f o r  n i t r o g e n  and he1 i urn. 

The c a l c u l a t e d  p ropaga t ion  v e l o c i t i e s  were 

CHe I i um = 3321 f t / s e c .  

CNi t rogen = I151 f t / s e c .  

= 496 f t / s e c ,  CFreon- I 2  

These p ropaga t ion  v e l o c i t i e s  were used t o  c a l c u l a t e  t h e  resonan t  

f requenc ies  f o r  t h e  v a r i o u s  modes. The c a l c u l a t e d  resonan t  f requenc ies  

g t a b l e .  These f requenc ies  were c a l c u l a t e d  u s i n g  

Resonant Frequenc i es 

P a t t e r n  

I s t  Tangent ia I 
2nd Tangent i a I 

I s t  Rad i a  I 
1 s t  L o n g i t u d i n a l  
3 r d  Tangent ia I 
Comb. I s t  Tangent i a I 

and I s t  Long i tud i na I 
Comb. 2nd Tangent i a I 

and 1 s t  L o n g i t u d i n a l  
4 t h  Tangent ia I 
Comb, 1 s t  Tangent ia l  

and 1 s t  Rad ia l  
Comb. 1 s t  Rad ia l  

and 1 s t  L o n g i t u d i n a l  
Comb. 3 r d  Tangen t ia l  

and 1 s t  L o n g i t u d i n a l  
5 t h  Tangent ia I 
Comb. 2nd Tangent i a I 

Comb. 1 s t  L o n g i t u d i n a l  

2nd Radia l  
6 t h  Tangent ia I 

and 1 s t  Rad ia l  

and 4 t h  Rad ia l  

Resonant Frequencies,  C s 
"2 Freon- I2 N i  t r o g e n  Re1 i um 

m n  

1 0 0  
2 0 0  
0 1 0  
0 0 1  
3 0 0  

1 0 1  

2 0 1  

4 0 0  

1 1 0  

0 1 1  

3 0 1  

5 0 0  

2 1 0  

0 4 1  

0 2 0  
6 0 0  

4,980 I I , 560 33,370 

I 0,380 24 , 070 69 , 440 
8,270 19, iao 

I 1,230 26 , 060 75,190 
I I ,380 

12,320 

13, 950 

14,400 

14,420 

15,320 

16,000 

I 7,380 

18, 100 

I a, 300 

I a, 950 
20 , 300 
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The lowest  resonan t  f requency w i t h  he l i um (33,370 cps )  was above 

t h e  d r i v i n g  f requency c a p a b i l i t y  o f  t h e  generator ,  and no c l e a r - c u t  

r esona nc e p a t t e r n  ap pea r e d  

Freon-12 and n i t r o g e n  r e s u  

The t h r e e  q u a r t z  

t h e  rema in ing  h o l e  f i l l e d  

T h i s  s e c t i o n  t h e r e f o r e  c o n s i d e r s  o n l y  t h e  

t s .  

t ransducers  were mounted i n  t h e  brass p lug,  and 

y us ing  a b lank  p l u g  made f o r  t h i s  purpose. 

The p i c k u p s  were p laced  e i t h e r  ac ross  a d iameter  or a t  90’ t o  each o t h e r  

around t h e  edge of  t h e  chamber. 

A f t e r  a shutdown f o r  an extended p e r i o d ,  t h e  amp1 i t u d e s  a s  

i n d i c a t e d  by  t h e  t h r e e  t ransducers  were a d j u s t e d  so t h a t  a l  I were equal 

when f l o w i n g  he l i um a t  about  4000 cps. A t  t h i s  f requency t h e  a m p l i t u d e  

o f  t h e  chamber response was s t i l l  h i g h  and t h e  waveform n e a r l y  s i n u s o l d a l .  

No s p e c i a l  e f f o r t  was made t o  m a i n t a i n  t h e  amp l i t udes  o f  t h e  o s c i l l o s c o p e  

d i  s p l a y  c o n s t a n t  from adjustment  t o  adjustment ,  so t h a t  t h e  apparen t  

a m p l i t u d e s  v a r y  somewhat between s e t s  o f  r u n s .  

1 .  N i t r o g e n  

Wi th  n i t r o g e n  t h e r e  were o n l y  two resonan t  chamber f requenc ies  

w i t h i n  t h e  d r i v i n g  f requency range o f  1800-21,600 cps: t h e  f i r s t  t a n g e n t i a l  

mode, I ! ,  560 cps, afid t h e  second tangei i t ia l  m d e ,  19,180 zps.  

F i g u r e  16 p r e s e n t s  a l l  t h e  r e s u l t s  u s i n g  n i t r o g e n .  The response 

between 1800 and 10,800 cps was r e p e t i t i v e  b u t  v e r y  d i s t o r t e d  a s  compared 

t o  a s i n e  wave. A t  10,800 c p s  (16a, b, c )  t h e  p ressu re  p a t t e r n  was t h e  

s t a b i l i z e d  f i r s t  t a n g e n t i a l  mode; i.e., t h e  responses near t h e  i n l e t  and 

d i s c h a r g e  p o r t s  were of  h 

o t h e r ,  a t  l o c a t i o n  90° t o  

o f  low amp1 i t u d e  and more 

A t  11,280 c p s  ( 

gh a m p l i t u d e  and 180 o u t  o f  phase w i t h  each 

t h e  i n l e t  and d i s c h a r g e  p o r t s  t h e  response was 

d i s t o r t e d ,  w h i l e  t h e  c e n t e r  was a n u l l  p o s i t i o n .  

6d) the  a m p l i t u d e  of  t h e  response was h i g h e r  b u t  
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I 

t h e  c e n t e r  was a f f e c t e d  more s t r o n g  y than  p r e v i o u s l y .  

s t i l l  b a s i c a l l y  t h e  f i r s t  t a n g e n t i a  mode. Above 11,280 c p s  up t o  about  

16,800 cps  t h e  response became more i r r e g u l a r  and t h e  a m p l i t u d e  decreased. 

The b a s i c  f i r s t  t a n g e n t i a l  mode was apparen t  f rom a b o u t  9600 t o  14,540 cps .  

The c a l c u l a t e d  resonan t  f requency (11,560 c p s )  was abou t  midway i n  t h i s  

range, b u t  t h e  b e s t  wave p a t t e r n  occu r red  a t  a somewhat lower f requency.  

The p a t t e r n  was 

For  t h e  s t a b i  I i zed  second t a n g e n t i a  I mode t h e  responses a t  

l o c a t i o n s  d i a m e t r i c a l  l y  o p p o s i t e  a c r o s s  t h e  chamber should be. in phase and 

t h e  c e n t e r  should be a n u l l .  The behav io r  a t  16,800 cps  (16 e, f, g) 

i n d i c a t e d  a second t a n g e n t i a l  mode; however, two o f  t h e  photographs show 

a s t a b i l i z e d  form (16 f ,  g )  and t h e  t h i r d  ( ISe ) ,  where t h e  t r a n s d u c e r s  were 

l o c a t e d  around t h e  edge, i n d i c a t e d  a I l sp inn ing "  f o r m ,  s i n c e  a l t h o u g h  t h e  

t h r e e  t r a c e s  had equal p r e s s u r e  amp1 i t udes ,  t h e  phase r e l a t i o n s h i p s  were 

i n c o r r e c t  for a s t a b i l i z e d  mode. T h i s  was t h e  o n l y  i n s t a n c e  i n  which a 

s p i n n i n g  mode was i d e n t i f i a b l e  as such. From Maslen and Moore (4) t h e  

s p i n n i n g  mode i s  u s u a l l y  dominant ove r  t h e  s t a n d i n g  mode u n l e s s  t h e  geometry 

d i c t a t e s  o t h e r w i s e .  

t h e  mode w i t h  t h e  nodes a t  90° t o  a l i n e  j o i n i n g  t h e  i n l e t  and d i s c h a r g e  

p o r t s .  

I n  t h e  modulator  t h e  f l o w  o f  gas appeared t o  s t a b i  I i z e  

A t  18,000 c p s  where t h e  t h r e e  t r a n s d u c e r s  were a l s o  l oca ted  90' 

a p a r t  (16h), t h e  p a t t e r n  was c l e a r l y  a s t a b i l i z e d  second t a n g e n t i a l  mode. 

A l l  t h e  r e s u l t s  a t  18,000 cps  (16h) i n d i c a t e d  t h e  s t a b i l i z e d  mode. 

The p a t t e r n  w a s s t i l l  p r e s e n t  a t  19,200 c p s  (16k, I ,  m ) .  T h i s  

compares w i t h  t h e  c a l c u l a t e d  resonan t  f requency o f  19,180 cps .  

The e x i s t e n c e  o f  t h e  f i r s t  and second t a n g e n t i a  I modes was t h e r e -  

An unexpected development f o r e  demonstrated e x p e r i m e n t a l l y  by  these  t e s t s .  

was t h e  p e r s i s t e n c e  o f  t h e  bas i c  p a t t e r n  over  a wide f requency range .  
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2 Freon-12 

W i t h i n  t h e  f requency range o f  t h e  g z n e r a t o r  t h e r e  were many more 

rssonances p o s s i b l e  w i t h  Freon-12 than  w i t h  n i t r o g e n .  From Reardon (51 ,  f o r  

length- to-d iameter  r a t i o s  much l e s s  than  u n i t y ,  p u r e l y  t r a n s v e r s e  modes 

should appear.  I n  t h i s  case L/D = .382, which i n d i c a t e d  t h a t  t r a n s v e r s e  

modas should a t  l e a s t  dominate.  The most commonly observed modes, i n  

o r d e r  of i n c r e a s i n g  frequency, were t h e  f i r s t  t a n g e n t i a l ,  t h e  second 

t a n g e n t i a l ,  t h e  f i r s t  r a d i a l ,  and t h e  f i r s t  combined r a d i a  - t a n g e n t i a l .  

Freon- I2 r e s u l t s  a r e  p resen ted  i n  F i g u r e s  17, 18 and 19. The 

c a l c u l a t e d  resonant  f requency o f  t h e  f i r s t  t a n g e n t i a l  mode was 4980 cpS. 

E x p e r i m e n t a l l y  t h e  resonant  p a t t e r n  appeared a t  about  4032 cps (17a,b)  w i t h  

t h e  a m p l i t u d e  reach ing  a maximum a t  4608 cps (17c, d, e ) .  The b a s i c  

p a t t e r n ,  a l t h o u g h  v e r y  d i s t o r t e d ,  was s t i l l  p r e s e n t  a t  4944 cps ( 1 7 f ) .  

The second t a n g e n t i a l  mode was p resen t  from 6696 cps  (179 )  t o  

about 7992 cps (17k ,  I ) .  There were no r e c o r d s  o b t a i n e d  of t h e  response 

between 7992 and 9360 cps, so t h a t  i t  was i m p o s s i b l e  t o  de te rm ine  i f  t h e  

p a t t e r n  e x i s t e d  a t  t h e  c a l c u l a t e d  resonant  f requency of 8270 cps; however, 

t h e  b e s t  p a t t e r n  was o b t a i n e d  a t  7300 cps, which was c o n s i d e r a b l y  l e s s  

t h a n  t h e  c a l c u l a t e d  v a l u e .  

The f i r s t  and second t a n g e n t i a l  modes were t h e r e f o r e  d e f i n i t e l y  

i d e n t i f i e d  i n  bo th  t h e  n i t r o g e n  and Freon-12 t e s t s ,  b u t  t h e  b e s t  p a t t e r n s  

were o b t a i n e d  a t  f requenc ies  l e s s  t h a n  t h e  c a l c u l a t e d  resonan t  f r e q u e n c i e s .  

Wi th  n i t r o g e n  t h e  d i f f e r e n c e s  were sma l l ,  on t h e  o r d e r  of  s e v e r a l  p e r c e n t .  

W i t h  Freon-12 t h e  d i f f e r e n c e s  were a p p r o x i m a t e l y  t e n  p e r c e n t .  I t  was 

imposs ib le  t o  account c o m p l e t e l y  f o r  t h e s e  d i f f e r e n c e s ,  b u t  s e v e r a l  p o s s i b l e  

e x p l a n a t i o n s  a r e  d iscussed below. 

The c a l c u l a t i o n  of t h e  v e l o c i t y  of p r o p a g a t i o n  c o u l d  have been 

i n  e r r o r  because o f  e r r o r s  i n  t h e  measurement of t h e  t e m p e r a t u r e  of t h e  
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gases. The resonant f requency i s  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  o f  

p ropaga t ion  and thus  t o  t h e  square r o o t  o f  t h e  temperature.  

f o r  a t e n  pe rcen t  f requency d i f f e r e n c e ,  however, t h e  tempera tu re  would have 

t o  have been i n  e r r o r  by app rox ima te l y  100°R. T h i s  was v e r y  u n l i k e l y .  

To account 

Another p o s s i b i l i t y  was t h a t  t h e  equa t ion  f o r  t h e  p ropaga t ion  

o f  sound c o u l d  not  be used f o r  t h e  wave p ropaga t ion  v e l o c i t y .  The 

v e l o c i t y  o f  a f l n l t e  p u l s e  i s  always g r e a t e r  t han  t h e  v e l o c i t y  o f  

sound ( i n f i n i t e s i m a l  pu l se ) ,  b u t  t h i s  would have made t h e  c a l c u l a t e d  

resonant  f requenc ies  even h i g h e r  and t h u s  i n  t h e  wrong d i r e c t i o n  t o  

account f o r  t h e  d i sc repanc ies .  

An e x p l a n a t i o n  f o r  t h i s  d iscrepancy between t h e  c a l c u l a t e d  

a c o u s t i c  resonant  f requenc ies  and t h e  f requenc ies  o f  f i n i t e  a m p l i t u d e  

resonances i s  g iven by Maslen and Moore (41, who show t h a t  a s t r o n g  

t r a n s v e r s e  wave has a lower f requency than  t h e  co r respond ing  a c o u s t i c  mode. 

The e f f e c t  i s ,  however, f a i r l y  smal l ;  e .g . ,  i f  t h e  maximum peak-to-peak 

p ressu re  amp l i t ude  i n  t h e  f i r s t  ( l o w e s t  f requency)  t r a n s v e r s e  mode were 

o n e - t h i r d  t h e  chamber pressure,  t h e  f requency o f  t h e  s t r o n g  wave would 

be reduced from t h a t  of t h e  a s s o c i a t e d  s o n i c  wave by l e s s  t h a n  two pe rcen t  

f o r  8 = 1.4 ( n i t r o g e n ) .  

h a l f  t h e  chamber pressure,  t hen  t h e  p ressu re  would be reduced less  than  

t h r e e  pe rcen t .  Thus i t  i s  u n l i k e l y  t h a t  t h i s  e f f e c t  c o u l d  have produced 

t h e  observed d iscrepancy.  

I f  t h e  maximum peak-to-peak a m p l i t u d e  were one 

The f i r s t  and second t a n g e n t i a l  modes were c l e a r l y  dominant 

w i t h i n  t h e i r  r e s p e c t i v e  f requency ranges, b u t  f o r  t h e  h i g h e r  f requenc ies  

no pu re  mode was found t o  be dominant.  The low "Qtl  (sharpness o f  resonance) 

o f  t h e  chamber was demonstrated a t  t h e  lower f r e q u e n c i e s  w i t h  b o t h  n i t r o g e n  

and Freon-12. This  p e r m i t t e d  a p a t t e r n  t o  e x i s t  Over a w ide  f requency 

range, and t h e r e f o r e  as t h e  f requency increased, t h e  "bunching" o f  resonant  

f requenc ies  prevented t h e  dominance o f  any one mode.  his l i bunch ind 'o f  t h e  
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.resonances a t  t h e  h ighe r  f requenc ies  can be i I l u s t r a t e d  by  o b s e r v i n g  t h e  

Freon- I2 resonances presented i n  t h e  t a b l e  on p.  37. 

A l though  a l l  o f  t h e  combined modes a r e  l i s t e d ,  t h e  combined forms 

which i n c l u d e  a l o n g i t u d i n a l  mode would appear on t h e  end w a l l  ( i n  which 

t h e  t ransducers  were mounted) s imp ly  a s  t h e  o t h e r  component o f  t h e  combined 

form. For example, a combined f i r s t  t a n g e n t i a l  and f i r s t  l o n g i t u d i n a l  

would appear as  a f i r s t  t a n g e n t i a l  mode a t  2 = L . The e q u a t i o n  f o r  t h e  

p ressu re  a t  any p a r t i c u l a r  l o c a t i o n  o n  t h e  end w a l l  can be o b t a i n e d  from 

T h e o r e t i c a l l y ,  then, t h e  o n l y  combined f o r m  appear ing  a s  a 

combined form a t  t h e  end w a l l  would be a t a n g e n t i a l - r a d i a l  mode, and even 

t h i s  t y p e  o f  mode m i g h t  be i n d i s t i n g u i s h a b l e  depending on t h e  p o s i t i o n i n g  

of t h e  t ransducers .  

Some d i s c u s s i o n  o f  t h e  more c l e a r l y  d e f i n e d  p ressu re  p a t t e r n s  

a t  9360 cps  and above i s  o f  i n t e r e s t  a t  t h i s  p o i n t .  

A t  9360 cps  (18a) t h e  p a t t e r n  a p p a r e n t l y  i n d i c a t e d  a r a d i a l  

T Y J ~  zp" : ! S S >  ajnd 19,983 cps  !!&, T I )  e!ements nf a f i r q t  

r a d i a l  and a t h i r d  t a n g e n t i a l  mode were p resen t .  The one photograph 

showing t h e  response a t  10,476 cps (18e) i n d i c a t e d  t h a t  t h e  response was 

p r i m a r i  l y  t h i r d  t a n g e n t i a l .  The c a l c u l a t e d  resonan t  f requency f o r  t h e  

t h i r d  t a n g e n t i a l  mode was 11,380 cps.  Note t h e  p r o g r e s s i o n  i n  t h e  wave- 

f o r m  a s  t h e  f requency was increased. 

iilode, ,qf n n 7 C  

There a r e  t h r e e  photographs which p r e s e n t  t h e  response a t  

11,808 cps  (18f ,  9, h ) .  A I  I t h e  t r a c e s  were i n  phase and equal i n  

a m p l i t u d e  except  f o r  t h e  pho to  showing t h e  response o f  t ransducers  
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p laced  a 

a p p l  icab 

ong a diameter i n  l i n e  w i t h  t h e  i n l e t  and d 

e mode a t  t h i s  frequency was t h e  f i r s t  long 

t h e  c a l c u l a t e d  resonan t  f requency was 11,250 cps .  

Between 11,808 and 15,048 cps  t h e  response 

scharge. The o n l y  

t u d i n a l ,  f o r  which 

was q u i t e  i r r e g u l a r ,  

a l t h o u g h  o f  f a i r l y  l a r g e  a m p l i t u d e .  A t  15,048 cps  ( 1 8 i ,  j) b o t h  photo-  

graphs c l e a r l y  show t h a t  t h e  predominant mode was r a d i a l .  The response 

near t h e  edge o f  t h e  chamber was 180° o u t  o f  phase w i t h  t h e  c e n t e r  and 

o f  much lower amp1 i t u d e .  The c a l c u l a t e d  f i r s t - r a d i a l - m o d e  resonan t  

f requency was 18,950 cps, b u t  t h e  resonan t  f requency for  a combined f i r s t  

r a d i a l  and a f i r s t  l o n g i t u d i n a l  was 15,320 c p s .  

A l though t h e  response from o n l y  one c o n f i g u r a t i o n  o f  t r a n s d u c e r s  

was presented f o r  15,595 cps  ( l 8 k )  t h e  p a t t e r n  was a s t a b i  l i z e d  t a n g e n t i a l  

mode, which c o u l d  be i d e n t i f i e d  from t h e  l o c a t J o n  o f  t h e  nodes a s  t h e  

f i f t h  t a n g e n t i a l  mode. I t s  c a l c u l a t e d  resonan t  f requency was 17,380 cps. 

A t  19,224 cps (18@,  19a, b ) ,  e lements o f  v a r i o u s  modes were 

p resen t ,  an odd t a n g e n t i a l  and a l o n g i t u d i n a l  o r  a r a d i a l .  The response 

a t  19,584 cps (19c, d )  was s im i  

mode be ing  more n e a r l y  dominant 

th rough  20,088 cps ( 1 9 j ,  k ) .  

The impor tan t  conc I us 

a r  t o  t h a t  a t  19,224 c p s  w i t h  t h e  r a d i a l  

T h i s  t y p e  o f  p a t t e r n  p e r s i s t e d  on up 

on t o  be d e r i v e d  from these  da ta  a t  t h e  

h ighe r  f requenc ies  i s  t h a t  v a r i o u s  modes can e x i s t  c o n c u r r e n t l y  i n  t h e  

chamber, e s p e c i a l l y  where t h e  c a l c u l a t e d  resonances a r e  c l o s e  t o g e t h e r .  

C.  I n t e g r a t e d  Response o f  a Tes t  Transducer 

I n  Sec t i on  1 1 1 - B  t h e  response o f  a diaphragm t ransducer  t o  known 

p ressu re  p a t t e r n s  was d iscussed t h e o r e t i c a l  l y .  

exper iment  v e r i f i c a t i o n  a r e  presented i n  t h i s  s e c t i o n .  

R e s u l t s  o f  t h e  a t tempted  

The a n a l y s i s  p r e d i c t e d  t h a t  a t e s t  t r a n s d u c e r  (e.g., one o f  t h e  
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Dynisco PT49 s e r i e s )  w i t h  a c i r c u l a r  diaphragm should show no n e t  response 

t o  t a n g e n t i a l  modes, b u t  c o u l d  show response t o  r a d i a l  modes depending upon 

I-he e f f e c t i v e  area o f  t h e  diaphragm as  compared t o  t h e  area o f  t h e  chamber 

i n  which i t  was mounted. 

The t e s t  t ransducer  was mounted i n  t h e  p ressu re  generator ,  one 

q u a r t z  t ransducer  was mounted i n  t h e  o p p o s i t e  end w a l l  and ano the r  i n  t h e  

curved s i d e  w a l l  o f  t h e  chamber. 

The ampltudes o f  response o f  t h e  t ransducers  were a d j u s t e d  so 

t h a t  a l  I t h r e e  t r a c e s  on t h e  o s c i  I loscope had equal  amp1 i t u d e s  when u s i n g  

he l i um a t  4000 cps. A l l  s i g n a l s  were fed th rough  t h e  t h r e e  f i l t e r s  

ment ioned p r e v i o u s l y .  The t o p  t r a c e  on t h e  photographs i n  F i g u r e  20 i s  

f r o m  t h e  q u a r t z  r e f e r e n c e  t ransducer  mounted i n  t h e  c e n t e r  o f  t h e  end 

w a l l ,  t h e  m i d d l e  t r a c e  i s  from the  t ransducer  mounted i n  t h e  cu rved  

s i d e  wal I, and t h e  bot tom t r a c e  i s  from t h e  t e s t  t ransducer .  A I  I t e s t s  

were conducted us i ng Freon- 12. 

The t e s t  t ransducer  showed low amp1 i tude and d i s t o r t e d  response 

a t  4828 cps  (20a ) .  (The q u a r t z  t ransducer  i n  t h e  s i d e  w a l l  v e r i f i e d  t h e  

presence o f  t h e  f i r s t  t a n g e n t i a l  mode.) T h i s  compared w e l l  i n  b o t h  wave- 

shape a n d  a m p 1  i t u d e  w i t h  t h e  t ransducer  i n  t h e  o p p o s i t e  end wal I ,  i n d i c a t i n g  

t h e  p r e d i c t e d  response o f  t h e  t e s t  t ransducer  t o  a tangen t  a l  p a t t e r n .  

The behav io r  a t  4828 cps was d u p l i c a t e d  a t  7128, 7200, and 7488 cps 

(20b, c, d ) ,  b u t  was even more c l e a r - c u t ,  i n d i c a t i n g  t h a t  he response o f  

t h e  t e s t  t ransducer  t o  t h e  second t a n g e n t i a l  mode was ve ry  low. 

I t  has t h e r e f o r e  been shown b o t h  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  

t h a t  a t e s t  t ransducer  o f  t h e  f l u s h  diaphragm t y p e  i s  u n a f f e c t e d  by 

t a n g e n t i a l  modes i n  t h e  S inuso ida l  Pressure Generator .  
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( a )  4824 c p s  

d )  7408 C P S  

( b )  7128 c p s  

9 )  18072cps ( h )  19944 cps  
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As t h e  f requency was increased, an a c c u r a t e  c l a s s i  f i c a t i o n  of +he 

y w i t h  o n l y ' t w o  r e f e r e n c e  t ransducers  p a t t e r n s  became more d i f f i c u l t  espec ia l  

as I ocated i n t h e  chamber. 

The p a t t e r n  a t  14,904 cps (20e was c l e a r l y  a t a n g e n t i a l  mode, 

e t h e  

The 

s i n c e  t h e  c e n t e r  o f  t h e  chamber e x h i b i t e d  low a m p l i t u d e  response whi 

t ransducer  l oca ted  i n  t h e  s i d e  w a l l  showed a h i g h  a m p l i t u d e  response 

low amp l i t ude  of  t h e  t e s t  t ransducer  response f u r t h e r  c o n f i r m s  t h e  

ana I y t  i c a  I p red  i c t i  ons. 

The p a t t e r n  a t  17,424 cps ( 2 0 f )  e x h i b i t e d  t h e  c h a r a c t e r i s t i c s  o f  

a r a d i a l  mode, s i n c e  t h e  c e n t e r  and s i d e  w a l l  t r ansducers  were i n  phase. 

T h i s  c o u l d  n o t  be t r u e  for a l o n g i t u d i n a l  mode. A l though  t h e  t e s t  t r a n s -  

ducer response was q u i t e  low, i t  increased i n  d i r e c t  p r o p o r t i o n  t o  t h e  

rad ia l -mode a m p l i t u d e  a t  a h i g h e r  f requency (18,072 cps  - 209) .  T h i s  

suppor t s  t h e  t h e o r e t i c a l  p r e d i c t i o n  o f  t h e  response o f  a t e s t  t ransducer  

t o  a r a d i a l  mode p a t t e r n .  
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V I .  CONCLUSIONS 

The s inusoida- l  p ressu re  genera to r  i s  u s e f u l  as  a t ransducer  

t e s t i n g  dev i ce  up t o  abou t  10,000 cps  i n  i t s  p r e s e n t  c o n f i g u r a t i o n  u s i n g  

he1 ium as  t h e  t e s t  gas ( t h e  use of  hydrogen ins tead  of  h e l i u m  would 

p r o b a b l y  extend t h i s  r a n g e ) .  

a l l  f requencies,  b u t  t h e  response above 10,000 c p s  i s  i n c r e a s i n g l y  non- 

uni  form throughout  t h e  chamber. 

The p ressu re  amp l i t udes  a r e  adequate a t  

The f i r s t  and second t a n g e n t i a l  t r a n s v e r s e  modes were 

p r e d i c t a b l e  by a c o u s t i c  t h e o r y  w i t h  t h e  e x c e p t i o n  t h a t  t h e  observed 

f requenc ies  were somewhat lower than  t h e  c a l c u l a t e d  resonan t  f requenc ies .  

These r e s u l t s  v e r i f y  t h e  t h e o r y  o f  Maslen and Moore (4) t h a t  s t r o n g  

t r a n s v e r s e  waves can e x i s t  w i t h o u t  shocks and t h a t  t h e  f requenc ies  f o r  

t h e  s t r o n g  waves tend t o  be lower than  f o r  t h e  co r respond ing  a c o u s t i c  

waves. 

I t  was n o t  p o s s i b l e  t o  p r e d i c t  i n  advance t h e  s t a n d i n g  wave 

p a t t e r n  a t  f requencies above t h e  range o f  t h e  second t a n g e n t i a l  mode. The 

a m b i g u i t y  was caused by "bunching" of  h ighe r  and combined modes due t o  t h e  

low "Q" (sharpness of resonance) o f  t h e  cy1 i n d r i c a l  chamber. 

A n a l y t i c a l  p r e d i c t i o n s  t h a t  t e s t  t r a n s d u c e r s  hav ing  f l a t  c i r c u l a r  

diaphragms e x h i b i t  l i t t l e  o r  no response t o  t h e  t a n g e n t i a l  modes o f  

chamber resonance were v e r i f i e d  e x p e r i m e n t a l l y .  
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V I I .  RECOMMENDATIONS 

I t  i s  recommended t h a t  f u r t h e r  development o f  t h e  S i n u s o i d a l  

P ressu re  Generator and i t s  o p e r a t i n g  techn ique  be undertaken as  f o l l o w s :  

A.  Expand t h e  o p e r a t i n g  f requency range - 

I . i n t h e  upper range f rom 10,000 t o  15,000 cyc l e s  
per  second, and 

2. i n  t h e  lower range down t o  150 c y c l e s  per  second. 

B. I n v e s t i g a t e  t h e  e f f e c t  on performance o f  he l i um supply  

I ,  p ressu re  and 

2. temperature.  

Improve t h e  des ign o f  t h e  gas passages a t  t h e  chamber C .  

I .  i n l e t  and 

2. d i scha rge .  

D. E v a l u a t e  t h e  e f f e c t  of changing t h e  t e s t  gas f rom he l i um t o  

I .  hydrogen and 

2. o t h e r  gases. 

E .  I n v e s t i g a t e  t h e  d i f f e r e n c e  between t h e  t h e o r e t i c a l l y  and 

e x p e r i m e n t a l l y  determined resonan t  f requenc ies  o f  t h e  

c hamber . 
F.  Measure i n  d e t a i l  t h e  e f f e c t  o f  changes i n  chamber geometry. 

G.  Develop t h e  t ransducer  e v a l u a t i o n  techn iques  a s s o c i a t e d  w i t h  

s i g n a l  hand1 i n g  and d i s p l a y .  
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APPENDIX B: I n s t r u m e n t a t i o n  Ca I i b r a t  

Transducer Ca I i b r a t i  ons 

ons 

A I  I o f  t h e  p ressu re  t ransducers  were c a l  i b r a t e d  s a t i c a l  l y  u s i n g  

a dead we igh t  c a l i b r a t i o n  u n i t .  The t e s t  t ransducer ,  a Dyn sco PT49-IM 

s e r i e s  p ressu re  t ransducer ,  was ca I i b r a t e d  w i t h  i t s  assoc i a t e d  equi pment, 

t h e  D.C. a m p l i f i e r  and t h e  r e g u l a t e d  power supply .  The response was 

l i n e a r  even a t  t h e  r e l a t i v e l y  low c a l i b r a t i o n  p ressu res  used. The r e s u l t s  

o f  t h i s  c a l i b r a t i o n  a r e  presented i n  F i g u r e  B - I .  

The t h r e e  q u a r t z  t ransducers  and t h e i r  amp I i f i er-ca I i b r a t o r s  

were a l s o  c a l i b r a t e d  s t a t i c a l l y  on t h e  dead w e i g h t  t e s t e r .  The s e n s i t i v i t y  

o f  t h e  system depended upon t h e  l e n g t h  o f  t h e  connec t ing  c a b l e  from t h e  

t ransducer  t o  t h e  a m p l i f i e r - c a l i b r a t o r .  Two c a b l e  l e n g t h s  were used. 

R e s u l t s  o f  t h e  c a l i b r a t i o n  a r e  presented i n  F i g u r e  8-2. 

F i  I t e r  C h a r a c t e r i s t i c s  

The c i r c u i t  d iagram of t h e  t h r e e  i d e n t i c a l  f i l t e r s  used i s  

presen ted  below. 

L 
IO  mh 

-m I I R  
0 

High Impedance 
Load (Osci I loscope) 

The phase s h i f t  and amp1 i t u d e  c h a r a c t e r i s t i c s  o f  these f i  I t e r s ,  

p resen ted  i n  F i g u r e s  8-3 and 8-4, were determined i n  t h e  f o l l o w i n g  manner: 

I .  Amp1 i t u d e  - The a m p l i t u d e  o f  t h e  s i n e  wave o u t p u t  o f  a 
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DETERMINATION OF FILTER PHASE SHIFT 

FIGURE 6-5 



B-7 

s i g n a l  genera to r  was s e t  a t  20 db. The f i l t e r  was then  i n s e r t e d  between 

t h e  s i g n a l  genera to r  and t h e  v o l t m e t e r .  The db loss i s  p l o t t e d  a s  a 

f u n c t i o n  o f  f requency i n  F i g u r e  8-3. The change i n  amp1 i t u d e  ove r  t h e  

f requency range o f  i n t e r e s t  (l800-2l,600 cps )  was sma I I and no c o r r e c t i o n s  

were made t o  t h e  da ta  for t h e  e f f e c t  o f  f i l t e r  i n s e r t i o n .  

2. Phase S h i f t  - Since t h r e e  f i l t e r s  were used a t  a l l  t imes, 

i t  i s  t h e  phase s h i f t  between f i l t e r s  t h a t  i s  impor tan t .  As can be seen 

f r o m  F i g u r e s  B-4 t h i s  was f a i r l y  s m a l l .  The phase s h i f t  was determined 

w i t h  t h e  setup shown i n  F i g u r e  6-5 from which t h e  phase s h i f t  can be 

c a l c u l a t e d  u s i n g  t h e  fo rmu la  4 = s i n - '  x/y . 
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